The piezoelectric actuator is a voltage spring system that behaves in a similar characteristic to mechanical mass spring system. The displacements profile of the piezoelectric actuator shifts due to hysteresis and creep during actuation. The static (nondynamics) models of piezoelectric actuator developed in the past consisted of a number of equations which could not be simplified in the form of a single transfer function. Furthermore, the modelling of dynamic (vibrating) piezoelectric actuator was not considered. In this work, we present the behaviour of the piezoelectric actuator in terms of mechanical displacement from applied electric potential. The single transfer function mathematical model is generated representing the actuator characteristics. The dynamic (vibration) model that can vibrate at a desired frequency of the actuator is also developed. The models are developed by system identification from experimental results. A high resolution microscope together with the image processing technique were used to obtain the system characteristics. Simulation using Matlab Simulink is used to validate the experiment (The hysteresis was reduced by 90 % and the vibration was reduced to 97 %).
INTRODUCTION
Piezoelectric actuator (PZT) is a displacement transducer that converts electrical signals to physical displacement. As a capacitive actuator, it consumes less energy in generating a force while maintaining a steady position. In contrast, the electromagnetic actuator consumes energy and generates heat, therefore it is often accompanied by heat sink. The capacitive nature of the PZT is used to increase serial stiffness, reduce parallel stiffness, eliminate friction from the contact surface, and increase the work round by preloading piezoelectric stack actuator [1] . These are its advantages over mechanical actuators where it reduces energy intake and decreases heat generation of the system. Boring bar vibration was curbed by hybrid absorber, piezoelectric actuator and LR circuit [2] , which was validated using a cutting test. The CNC cutting lathe machine vibration was controlled by means of out-of-phase control signals during turning with the use of dSpace [3] . Even though there were limitations arising due to the rigidity of the cutting tools, the roughness was significantly improved by the use of the piezoelectric actuator.
The self-excited undesired vibration associated with the turning process is called chatter. It results in production problems such as poor surface finish and reduce work quality in machining. Adaptive control law was employed to effectively control the vibration of the turning process by using piezoelectric actuator [4] . The displacement between the cutting tool and work piece was minimized during the turning process. The minimum variance was used for self-turning control to suppress the vibration of the cantilever beam [5] . The control voltage was applied to the PZT when the beam was subjected to vibration from the environment.
The vibration of flexible linkage mechanism using PZT was discussed [6] . The vibration of flexible structure was controlled using fuzzy logic controller and piezoelectric actuator. About 33 % of the vibration was restricted.
Hysteresis properties in PZT was modelled based on back propagation neural network, Nonlinear Autoregressive Moving average with exogenous input (NARMAX) [7] . The controller can track unstable random motion. It is also suitable for precision motion control. The finite element method and Hamilton's principle outline the linear response of piezo-thermoelastic plate [8] . It stated that an increase in temperature causes a corresponding increase in the vibration amplitude. The control voltage was used to minimise the structural vibration in a laminated thermoelectric plate. The Bouc-Wen hysteresis model was used to describe the piezoelectric properties in [9] . The system identification (system ID) procedure was used to generate dynamic and non-dynamic model of PZT in [10] , and controlled by PID controller.
The servo system was coupled with piezoelectric actuator in electrical discharge machining/grinding (EDM/EDG) to achieve precision machining in [11] .
The piezoelectric actuator micro positioning was discussed in [12] - [21] . Piezoelectric based micro positioning was established by sandwich model [12] , PZT film [13] , BAT search algorithm [14] , Cr-N thin film displacement sensor [15] , micro-displacement amplifier (RMDA) [16] , Prandtl-Ishlinskii model [17] , grinding table with piezoelectric voltage feedback [18] , neural net-based cross coupling based on Preisach model [19] , spring-mounted PZT [20] , and hard disk head positioning system [21] .
The piezoelectric actuator was employed as micro actuator in [22] - [24] , for position magnetic head element [22] , to generate linear and curvilinear motion [23] , and based on Donnell-Mushtari-Vlasov theory on rocket conical shell actuation [24] .
Piezoelectric actuator was also engaged in microfluidic [25] - [31] , for example as valve-less piezoelectric micro pump [25] , [28] , [30] , peristaltic micro pump in thin film PZT with active micro valves [29] , PZT peristaltic micro pump [27] , droplet based micro fluidic device [26] , and serial connection multichamber PZT pump [31] .
The modelling of PZT in this work will be based on system identification techniques. This paper will model both dynamic (vibrating) and non-dynamic (static) piezoelectric actuator. It will consider the control of actuator using PID controller.
EXPERIMENTAL METHOD

Determine The Hysteresis Model Of Piezoelectric Actuator (Non-Dynamic Model)
The experiment was conducted to determine the characteristics of the piezoelectric actuator based on system characteristics using Resin-coated type AE series actuator. A high resolution microscope was used to detect the displacement when staircase DC voltage was applied to the piezoelectric actuator. Images captured by a camera were processed to obtain the displacement for various input DC voltage. The images were processed to determine the displacements using image processing techniques. The input and output characteristics were obtained and tabulated in Table 1 . The system model was generated using system identification techniques of Matlab. Figure 1 shows the experiment setup, where the actuator was mounted on the microscope camera to capture the images. Fig. 2 shows image acquisition and model development from a computer system. The images were processed and used in Matlab system identification tool box. Table I shows the displacement obtained at different voltage of non-dynamic model of PZT. The table consists of two parts. Part 1 provides the relationship that existed between DC voltage and displacement; the DC voltage increment from 0 V to 125 V and the corresponding displacements in micrometre were recorded. While part 2 provides the relationship between decreasing DC voltage from 125 V to 0 V and the corresponding displacements in micrometre were also recorded. Fig. 3 shows the relationship between the system input and output data with time during loading and unloading phases of non-dynamic PZT model. In the loading phase the DC voltage was applied to the actuator in the stair case incremental step; the actuator extended in length when the voltage increased until it reached its full length at maximum voltage. In the unloading phase the actuator was fully extended at maximum voltage. The maximum voltage would be reduced gradually and periodically until the actuator returned to the rest state at minimum volt. Fig. 4 shows the hysteresis and nonlinear hysteresis characteristics while Fig. 5 shows the step response that compares between the actual and estimated non-dynamic PZT model. 2 Section 1 is the computer for image and video recording. Section 2 is the sample image obtained. Section 3 is the image processing by computer software. Section 4 is the output data to be used in Matlab. Section 5 is the Matlab system identification tool box for model development. Section 6 is the developed mathematical model. The image was captured and processed by image processing software to obtain the output data. The input and output data were used to develop the model using system identification techniques of Matlab.
Table Of Results
The table below displays the result of hysteresis during loading and unloading phase of non-dynamic model. Part 1 shows the actuator voltage and corresponding displacement during loading phase while part 2 displays the actuator voltage and corresponding displacement during unloading phase. 
The transfer function of the system is the linear system model and shows that the system fits the estimation data with 91.5% with final prediction error (FPE): 0.00586989. 
Experiment for Vibration (Dynamic Model)
The dynamic PZT is vibrating at certain frequency based on the program written on Arduino microcontroller. The output of the Arduino microcontroller is also amplified by the amplifier before supplying it to the actuator. The displacement of the actuator is proportional to the actuator input voltage. The videos were captured and processed from the vibrating actuator to obtain the output data. The input and output data were used in Matlab system identification tool box to generate the dynamic model. Figure 6 contains the setup for generating the vibration of dynamic PZT. Figure 7 represents the setup for image and video processing of dynamic PZT model. 
Figure 7
Setup for image and video processing. Section 1 displays the computer system which captures images and videos from the actuator. Section 2 shows image and video processing using image and video processing software. Section 3 shows system identification from Matlab interface. Section 4 is the system model developed from Matlab system identification tool box. 
Operational Amplifier
The circuit in Figure 8 shows non-inverting amplifier used to amplify the voltage to the desired output in the experiment. gain is used to amplify the input voltage to the required output. Equation (2) shows the relationship between the gain, input and output voltage. While Equation (3) show the relationship between voltage, slew rate and frequency. Figure 8 displays the amplifier circuit. The circuit was used to amplify the Arduino output voltage from 5 V to 50 V. Table 2 displays the data output of image and video processing from dynamic PZT model. Figure 9 displays the time response obtained from Matlab using the data from Table 2 . The input of the system is square wave as shown in Figure 9 . The square wave was generated by using Arduino microcontroller and amplifier. Figure 10 shows the comparison between the actual and estimated systems. To amplify 5 volts to 50 volts we need to calculate the gain. 
Vibration Model Results
Figure 9
The system input and output verses time was obtained when the data from Table 2 was processed in the Matlab system identification tool box. The input is square wave form with its amplitude determined by the magnitude of the applied voltage. The output is a vibration as depicted by output verses time.
Mathematical Model for Vibration
Vibration Transfer Function of Actual Model
Equation (4) represents the mathematical model of the actual dynamic PZT. This equation was developed from the experimental data (Table 2 ) using the system ID tool of Matlab. Equation (4) was simplified using general second order model of Equation (5) to obtain its simplified version in Equation (6) . 
Controllability and Observability
Hysteresis Model
The estimated hysteresis model in state space form is represented in Equations (7) and (8) .
Equation (9) is the controllability matrix formula. Equation (10) is the controllability matrix of the hysteresis model. The system is controllable as the matrix is non-singular with full row rank of 2.
The observability matrix formula is represented in Equation (11) . Equation (12) represents the observability matrix of the system. The equation shows that the system is observable because it is non-singular with full column rank of 2.
Vibration Model
The vibration model of the system in state space is represented in Equations (13) and (14) .
The controllability of the system is computed and the system is controllable because it is non-singular matrix with full row rank of 2 as represented in Equation (15) .
The observability of the system is determined using observability matrix as shown in Equation (16) . The system is observable because it is non-singular matrix with full column rank of 2. 
The systems are found to be controllable and observable. Therefore, we proceed to the controller design in the next section.
Controller Design
The proportional integral and derivative (PID) controller consists of the combination of proportional (Kp), integral (Ki), and derivative (Kd) control action. The proportional controller is amplifier with an adjustable gain. It reduces the rise time but does not eliminate steady state error. While an integral controller eliminates steady state error for constant or step input but may make the transient response slower. Whereas the derivative controller will increase the stability of the system, reduce the overshoot and improve the transient response. Equation (17) represents the mathematical description of a PID controller. The PID controller for hysteresis was designed based on Equation (1) non-dynamic model of the PZT using Matlab Simulink interface. The PID controller for vibration was designed based on Equation (4) dynamic model of the PZT using Matlab Simulink interface. The estimated simplified second order equation can also be used for both Equations (1) and (4) for controller design in Matlab Simulink interface. Therefore, Equation (6) can be used instead of Equation (4) as the two equations have similar characteristics as shown in Fig. 10 . Figure 11 represents a block diagram of the PID controller. 
PID Controller for Hysteresis
A PID controller was used in this experiment to control hysteresis of PZT (non-dynamic model) Equation (1) . Figure 12 compare the step response of the actuator with and without PID controller. Whereas with controller tracked the reference input while without controller did not. 
PID Controller for Vibration Control
The PID parameters were tuned using Matlab Simulink interface. Fig. 13 presents the response of the system with PID controller and without controller when the system input is square wave signal from pulse generator. It can be observed that the controller controls the PZT to give the desired output (blue line) which track the reference (green line) while the one without controller did not give the desired output (red line) of Fig. 13 . Figure 14 shows the response of the PZT dynamic model when the step input was applied with and without PID controller.
RESULTS AND DISCUSSION
The result displayed in Figure 12 shows a comparison between non-dynamic PZT control with PID controller and the one without controller with step input. It can be seen that the PID controller controls the system to follow the reference input. Figure 13 displays the comparison between the dynamic PZT control with PID controller and the one without controller using square ware from pulse generator as input. Figure 14 also compares between the dynamic PZT with PID controller and the one without controller when the step input was applied.
CONCLUSION
The dynamic and non-dynamic models of piezoelectric actuator was efficiently developed with experimental data (system identification) and control using PID controller in Matlab Simulink. The nondynamic equation developed will be suitably used to micro displacement such as micro positioning. The dynamic model developed is suitable to be used in dynamic applications such as micro actuation, and micro fluidic (micro pump). Simulation using Matlab Simulink was used to validate the experiment. The hysteresis was reduced by 90 % and the vibration was reduced to 97 %. 
